We used a high flux synchrotron X-ray beam to map the structure of 16S rRNA and RNase P in viable bacteria in situ. A 300 ms exposure to the X-ray beam was sufficient for optimal cleavage of the phosphodiester backbone. The in vivo footprints of the 16S rRNA in frozen cells were similar to those obtained in vitro and were consistent with the predicted accessibility of the RNA backbone to hydroxyl radical. Protection or enhanced cleavage of certain nucleotides in vivo can be explained by interactions with tRNA and perturbation of the subunit interface. Thus, short exposures to a synchrotron X-ray beam can footprint the tertiary structure and protein contacts of RNA-protein complexes with nucleotide resolution in living cells.
INTRODUCTION
The functions of many DNA or RNA complexes are linked to biochemical and structural changes during assembly and intracellular transport. Assembly and transport are in turn regulated by cell signaling or environmental cues. Methods for determining the structure of macromolecules in situ under a variety of growth conditions can capture such structural changes within the cell. Chemical reagents such as dimethylsulphate (DMS) and lead (II) acetate, and kethoxal (1-7), KMnO4 (8) , and copper-phenanthroline (9) have been used to probe the structures of nucleic acids in vivo. These reagents are primarily sensitive to secondary structure or local backbone flexibility. In contrast, hydroxyl radical footprinting is useful for 3D modeling because it provides information on tertiary structure and intermolecular interfaces with single nucleotide resolution (10) .
We used X-rays from a high flux synchrotron beam to generate hydroxyl radical and probe the structure of rRNA and RNase P inside viable Escherichia coli cells. This method has been used for time-resolved footprinting of RNA structure in vitro (11) . The radiolysis of water by X-rays produces free electrons and hydroxyl radicals (12) , which can abstract a hydrogen atom from the ribose sugar and initiate cleavage of the polynucleotide backbone (13, 14) . Deuterium isotope studies (15) and comparisons with known RNA structures (16) (17) (18) showed that the hydroxyl radical cleavage pattern correlates with the solvent accessibility of the backbone hydrogen atoms.
The production of hydroxyl radical and other diffusible radicals is a principal cause of radiation damage to biological samples (13, 14) . Water contributes 70% of the cell's mass, and virtually all the X-rays absorbed by the cell are captured by water, limiting direct damage to cellular components. Because X-rays easily penetrate cells and soft tissue, they can be used to generate hydroxyl radical in intact cells without permeabilizing the membranes. A 15 min exposure to a 137 Cs gamma ray source was used previously to footprint lambda repressor-DNA complexes in vivo (19) . Here, we show that a subsecond exposure to a synchrotron X-ray beam is sufficient to fragment the RNA in frozen cells. The method produces hydroxyl radical footprints comparable with those obtained from Fe(II)-EDTA Fenton reactions in vitro. The shorter exposure time compared with a 137 Cs gamma ray source will permit structural changes to be captured in real time during cell growth.
METHODS

Preparation of cells
E.coli cells (MRE 600) were streaked from a glycerol storage culture on to either M9CA or Luria-Bertani (LB) agar and incubated at 37 C overnight. A single colony was picked to inoculate a starter culture, which was grown at 37 C overnight. The starter culture was used to seed 50-100 ml medium (1/100-1/250 dilution), which was grown with shaking to OD 600 ¼ 0.4-0.6. Cells were chilled by swirling the culture C, washed with TM buffer (10 mM Tris-HCl, pH 7.5 and 1 mM MgCl 2 ), resuspended in 300 ml TM ($6 ml/mg wet cells or 1.5 · 10 11 cells/ml) and snap-frozen as 5-10 ml aliquots in 0.2 ml microcentrifuge tubes in a dry ice/acetone bath. Cells were stored at À80 C until further use.
Exposure to the X-ray beam
Frozen cell pellets were irradiated using facilities at beamline X28C at the National Synchrotron Light Source at Brookhaven National Laboratory. Samples were placed in an aluminum block holder for 0.2 ml tubes, which was maintained at À34 to À38 C with a Cryocool bath. The sample and a Uniblitz XRS6 shutter (Vincent Associates, Rochester, NY) were aligned with the peak of the X-ray beam intensity using a precision motorized table as described previously (20) . Individual tubes containing frozen cells were exposed to the X-ray beam for various times ranging from 0 to 2 s. The ring current was 270-300 mA (2.8 GeV). The shutter actuator was used to control the exposure time. When not in the sample holder, the cell pellets were kept frozen in an aluminum block in dry ice for the duration of the experiment. Irradiated cell pellets were compared with three types of controls: cells that were placed in the sample holder but not exposed to the beam (mock treated), cells that were kept frozen outside the experimental hutch, or cells that were kept frozen and not shipped to the beamline.
The 70S ribosomes were isolated from E.coli according to published procedures (21) and frozen in 10 ml of 50 mM Tris-HCl, pH 7.5, 150 mM NH 4 Cl, 5 mM MgCl 2 and 6 mM b-mercaptoethanol at 1 mM final concentration. Frozen samples were exposed to the X-ray beam as described above and stored at À80 C until further analysis. Alternatively, 70S ribosomes were treated in solution with hydroxyl radicals generated by Fe-EDTA complexes as described previously (22) .
RNA isolation
Total RNA was isolated from frozen cells by triturating the pellet with 100 ml TRIZOL (Ambion Inc., TX) and extracting with 20 ml chloroform. The aqueous phase was separated by centrifugation at 12 000 g for 15 min at 4 C and was extracted once more with TRIZOL and CHCl 3 . The second extraction was important for obtaining good quality RNA. RNA was precipitated from the final aqueous phase with 100 ml isopropanol for 10 min at room temperature. The RNA collected by centrifugation for 15 min at 12 000 g (4 C), washed with 70% ethanol and resuspended in 20 ml RNase-free water. RNA from 70S ribosomes was isolated by phenol:chloroform extraction as described previously (21) . The RNA (2 ml) was analyzed on a 1.5% agarose gel prepared in 50 mM Trisacetate and 1 mM EDTA. RNA concentration was determined by measuring absorbance at 260 nm.
Primer extension
RNA (0.25-0.5 mg) was used for primer extension analysis with 32 P-end labeled primers which annealed after nt 161, 560, 1257 and 1508 in the 16S rRNA, 2883 in the 23S rRNA as described previously (23, 24) , and nt 96-112 in the 5S rRNA. Full-length 16S cDNA was synthesized using a primer that anneals after nt 1508. RNase P RNA was reverse transcribed with 1 mg total RNA and a primer annealing to nt 338-358 as described in Lindell et al. (25) . The resulting cDNA products were separated on a denaturing 8% polyacrylamide sequencing gel and exposed to a Phosphorimager (Amersham). Dideoxy sequencing reactions were carried out using nonirradiated native rRNA as a template. The observed protection pattern of the 16S rRNA was compared with the solventaccessible surface area of C4 0 atoms computed from coordinates from the structure of the E.coli 70S ribosome (2avy and 2aw7) (26), using the program Calc-surf (27) .
RESULTS
In vivo radiolysis and RNA cleavage
In vivo footprinting was conducted by exposing E.coli to an X-ray beam for various times (Figure 1 ). E.coli MRE 600 were grown to mid-logarithmic phase in either a rich (LB) or minimal (M9CA) medium and rapidly frozen in 5 or 10 ml aliquots containing $1 mg cells each. The frozen cells remained viable until the time of irradiation, as assessed by the number of colony forming units (data not shown). The tubes containing frozen cells were mounted in a chilled sample holder (À34 to À38 C) and exposed to a 'white light' synchrotron X-ray beam for 0-2 s (Methods). Total RNA was isolated from the irradiated cells and untreated controls. After short exposures, RNA fragments were faintly visible below the 16S rRNA in a 1.5% agarose gel (Figure 2A) . After a 1 s exposure, most of the 16S and 23S rRNA was degraded. Figure 1 . In vivo hydroxyl radical footprinting. E.coli grown to mid-log phase were concentrated and frozen in 5-10 ml aliquots. Frozen cell pellets were exposed to a 'white light' synchrotron X-ray beam for 0-2 s using a cryostatic sample holder and a programmable shutter at X28C (Brookhaven National Laboratory). Absorption of X-rays by water in the sample generates OH, which cleaves accessible regions of the RNA backbone. After irradiation, cells were lysed and individual RNAs were analyzed by gene-specific priming of cDNA synthesis.
To determine the optimal X-ray dose for in vivo hydroxyl radical footprinting, we measured the exposure time required to cleave 10-30% of the RNA. Under these conditions, individual RNA molecules are cleaved no more than once on average. The extent of cleavage was measured by primer extension, using a molar excess of 32 P 5 0 end labeled primer complementary to the 3 0 end of the 16S rRNA ( Figure 2B ). The intensity of the cDNA corresponding to the full-length 16S rRNA was plotted versus the exposure time, and the data were fit to an exponential equation ( Figure 2C) .
A 200-300 ms exposure of cells to the X-ray beam was sufficient to cleave 30% of the 16S rRNA within the frozen cells ( Figure 2C ). In contrast, a 75-100 ms exposure was sufficient to cleave 25% of the 16S rRNA in purified frozen 70S ribosomes, two to three times longer than the optimal exposure for 30S ribosomes at 37 C (30 ms). Longer exposures may be required to footprint the RNA within frozen cells because of molecular crowding and dehydration of the cytoplasm (less free water) (28) , and the presence of free radical scavengers such as cysteine (29) . The slower diffusion of free radicals in frozen or supercooled water is also expected to reduce the frequency of strand breaks (30, 31) .
X-ray footprinting of ribosomes in vivo
In vivo hydroxyl radical cleavage patterns of the 16S, 23S and 5S rRNA and RNase P M1 RNA were mapped by extension of primers complementary to specific RNA templates with reverse transcriptase. As illustrated for the 16S rRNA in Figure 3 , the exposure times required for obtaining footprints in the 5 0 domain correlated well with the X-ray dose needed to cleave $20% of the RNA. After 200 ms exposure, protected sequences were clearly visible and could be assigned by comparison with a dideoxy-sequencing ladder. We were also able to visualize footprints on specific regions of the 23S and 5S rRNA using primers that anneal to those RNAs (data not shown). The footprinting pattern after irradiation was comparable with that obtained by treatment of ribosomes with Fe(II)-EDTA (data not shown) (22) . This supports the idea that cleavage in vivo is primarily caused by attack of hydroxyl radical on the RNA backbone. Although the nucleobases also react with OH, such base damage infrequently results in cleavage of the phosphodiester backbone (13, 32, 33) . Moreover, common base lesions such as 8-oxo-G are not expected to prevent the passage of reverse transcriptase (34) .
Conformation of ribosomes in vitro and in vivo
The pattern of RNA backbone protection in frozen cells was similar to that observed in the isolated 70S ribosomes for most of the regions analyzed in our initial experiments (Figure 3) . Moreover, the regions of the 16S rRNA protected from cleavage correlated with the surface accessibility of ribose atoms (data not shown) calculated from crystal structures of the E.coli 70S ribosome (26) . Additional nucleotides were protected from cleavage in vivo, however, as illustrated in Figure 4 . For example, residue 1229 in the 3 0 domain of the 16S rRNA is more protected in vivo than in empty 70S ribosomes ( Figure 4A ). This protection can be explained by the direct interaction of 16S rRNA with the anticodon stem of the peptidyl tRNA, which is augmented by interactions with the extended C-terminal of ribosomal protein S13 (35) .
Not all of the local differences between the in vivo and in vitro footprints can be explained by direct interactions of ligands with the rRNA. For example, residues 1225-1227 were also protected much more strongly in vivo although these protections result from the interaction of the 16S rRNA with S13 (36) , which is present in purified 70S ribosomes. Similarly, nt 492, 493 and 498, 499, 501 and 507 are more protected in vivo relative to 70S ribosomes in vitro, while nt 497 is cleaved more strongly in vivo ( Figure 4B ). These residues surround a 5-helix junction in the 5 0 domain of 16S rRNA, P-labeled primer and analyzed by denaturing (8%) PAGE. The intensity of the gel bands were quantified using a Phosphorimager. Gel images were scaled and cropped to show the lanes of interest but not otherwise manipulated. (C) X-ray dose response curves for hydroxyl radical footprinting. The relative intensity of full-length 16S cDNA from (B) was plotted versus the exposure time and the data were fit to y ¼ exp(Àkt). Symbols: squares, frozen cells (À35 C); triangles, purified 70S ribosomes at À35 C; circles, 30S ribosomal subunits at 37 C.
which is the binding site of ribosomal protein S4. Such differences in the extent of cleavage may arise from perturbation of the ribosome's structure during translation. It is also conceivable that small molecules within the cytoplasm sensitize certain bases to radiation damage, although this would not explain why most nucleotides have the same relative sensitivity to X-ray induced cleavage in the bacterium and in purified ribosomes. To determine the extent to which immature ribosomal subunits may contribute to our in vivo footprinting results, a primer that anneals close to the 5 0 end of the 16S rRNA was extended across the 5 0 leader (data not shown). The unprocessed 35S and the pre-16S rRNAs were 1 and 8.5% as abundant as the mature 16S rRNA, based on the intensities of cDNA bands terminating at the 5 0 end of the leader and the RNase III cleavage site (pre-16S rRNA), respectively. These results are similar to previously published values (37) . Since the pre-rRNA is one-tenth as abundant as the mature rRNA, the latter presumably dominates the footprints on the mature sequences.
In vivo footprinting of RNase P Using this technique, we were also able to probe the structure of the M1 RNA subunit of RNase P, which is $100-fold less abundant than rRNA ($1000 copies/cell) during rapid growth (38) . Because of the lower amount of M1 RNA in our samples, the signal to noise ratio was less favorable than for the rRNA. Nonetheless, reverse transcription with a primer that anneals to the 3 0 end of M1 RNA revealed the protection of residues in P6, P17, P16 and L15 ( Figure 5A ). These nucleotides are involved in tertiary interactions within M1 RNA or with the pre-tRNA (39) , and have been shown to be protected from Fe-EDTA-dependent hydroxyl radical cleavage in the presence of ligands (40) . The optimal exposure time for M1 RNA was 200-300 ms, as it was for the 16S rRNA ( Figure 5B ). In vivo footprinting of 16S rRNA by primer extension. cDNA synthesis on RNA from irradiated cells was primed with a 32 P-labeled oligonucleotide annealing after nt 560 in E.coli 16S rRNA. Products were compared with standard dideoxy sequencing ladders on 8% sequencing gels. (A) Hydroxyl radical protection pattern of 16S rRNA from purified, frozen 70S ribosomes. Exposure times in milliseconds are indicated above the lanes; lanes U, C, A and G represent dideoxy sequencing reactions; minus, control reaction on unexposed rRNA that was not shipped to the beamline. Some of the protected regions are indicated on the left. (B) Intracellular footprinting of 16S rRNA. E.coli were grown in LB or M9CA media and exposed to the X-ray beam for the times shown (Methods). 70S, in vitro exposures as in (A).
DISCUSSION
Despite the many advances in structural biology, few available methods can capture the structural dynamics of cellular complexes within the cell. In vivo footprinting is important because it corroborates molecular structures determined in vitro, and can provide structural information on complexes that are not easily purified or reconstituted biochemically. Because cleavage by hydroxyl radical depends on the solvent accessibility of the DNA or RNA backbone, it is particularly useful for deducing 3D structure or mapping nucleic acidprotein interactions.
We show that hydroxyl radical footprinting can be carried out on RNA-protein complexes in living cells using a synchrotron X-ray beam. In general, the results correlate well with those of 'X-ray' and Fe(II)-EDTA footprinting experiments in vitro. A similar correspondence between in vitro and in vivo cleavage patterns was reported in previous experiments using a 137 Cs gamma ray source to footprint protein-DNA complexes in vivo (19) . The advantages of using a synchrotron X-ray beam to footprint nucleic acids in vivo are the excellent penetration of intact cells and tissue samples, the relatively short exposure times (0.2 s) and the ability to precisely control the extent of cleavage by adjusting the exposure time.
We find the method to be robust and relatively insensitive to small variations in exposure time, cell handling or sample size. The signal-to-noise ratio of the footprinting results, however, was sensitive to the quality of the RNA after isolation. We obtained the best results by washing cell pellets in Tris-magnesium buffer before freezing to stabilize the membranes and to remove residual media. It was essential to keep cells completely frozen until extraction of the RNA to prevent its degradation by nucleases. We obtained better primer extension data by isolating RNA with Trizol than with silica resins.
Flash freezing cells before irradiation makes it possible to take 'snapshots' of macromolecules in various stages of metabolism, while stabilizing cells against heat damage. The bacterial cytoplasm is expected to remain frozen during exposure to the X-ray beam at À35 C (28), although there may have been local thawing due to the absorption of X-rays. The slightly longer exposure times needed to footprint ribosomes in frozen buffer compared with solution suggest that freezing inhibits but does not prevent cleavage of macromolecules by hydroxyl radical. Although photophysical events like the formation of hydroxyl radicals and aqueous electrons occur at low temperatures, hydroxyl radicals diffuse more slowly in vitreous ice or supercooled water, reducing the extent of strand cleavage (28) . Nonetheless, in hydrated DNA at À196 C most of the radiation damage is attributed to indirect events (hydroxyl radical) rather than the direct absorption of X-rays (30, 31, 41) . We obtained comparable footprints by irradiation of frozen and thawed samples and from Fe-EDTA treatment of 70S ribosomes in solution. This suggests that the accessibility of the RNA backbone to hydroxyl radical primarily determined the cleavage pattern in frozen cell pellets, as expected.
Many RNPs undergo significant structural changes during their lifecycle. For example, ribosomal subunits undergo irreversible conformational changes during their maturation, and reversible conformational changes during initiation, elongation and termination of protein synthesis. The in vivo footprints presented here represent the average conformational state of the 16S rRNA within the cell at a certain growth rate. In the future, it may be possible to analyze specific RNP subpopulations using sequence tags, selective markers or temperature-sensitive mutations.
Because X-rays easily penetrate intact cells and even whole tissues, we expect this method to be applicable to a wide range of biological systems. The relatively short irradiation times and the ability to use frozen cells would enable this method to visualize changes in cell components after viral infection or during the course of development. The range of potential footprinting applications could be increased by the use of electrospray mass spectrometry to footprint proteins (42) or ligation-mediated PCR to amplify footprinting patterns of single-copy genes or low-abundance mRNAs in eukaryotic cells (43) . Thus, in vivo X-ray-dependent hydroxyl radical footprinting offers a new approach for obtaining detailed information about the three-dimensional structure of nucleic acids in situ. 
